Hematopoietic stem cell transplantation (HSCT) has been used for three decades as therapy for lysosomal storage diseases. Stable engraftment following transplantation has the potential to provide a source of an enzyme for the life of a patient. Recombinant enzyme is available for disorders that do not have a primary neurologic component. However, for diseases affecting the central nervous system (CNS), intravenous enzyme is ineffective due to its inability to cross the blood-brain barrier. For selected lysosomal disorders, including metachromatic leukodystrophy and globoid cell leukodystrophy, disease phenotype and the extent of disease at the time of transplantation are of fundamental importance in determining outcomes. Adrenoleukodystrophy is an X-linked, peroxisomal disorder, and in approximately 40% of cases a progressive, inflammatory condition develops in the CNS. Early in the course of the disease, allogeneic transplantation can arrest the disease process in cerebral adrenoleukodystrophy, while more advanced patients do poorly. In many of these cases, the utilization of cord blood grafts allows expedient transplantation, which can be critical in achieving optimal outcomes. Semin Hematol 47:70 -78.
L eukodystrophies have been defined as inherited, metabolic disorders of myelin resulting in the progressive destruction of, or the failure to develop, normal white matter. 1 Oligodendrocytes are responsible for the production of myelin in the central nervous system (CNS), and oligodendrocyte dysfunction or loss is at the heart of the leukodystrophies. 2 However, in many of the leukodystrophies, abnormalities are also observed in the peripheral nervous system (PNS), contributing to the morbidity of these disorders. 3 The majority of these genetic diseases are associated with specific enzyme defects, with each enzyme responsible for the degradation of particular substrates. These enzymatic deficiencies lead to the accumulation of substrate, which directly or indirectly contributes to toxicity. Disorders such as metachromatic leukodystrophy and globoid cell leukodystrophy are caused by lysosomal enzyme deficiencies (Figure 1 ), and are inherited in an autosomal recessive fashion. In contrast, adrenoleukodystrophy is a peroxisomal disorder and is X-linked in inheritance. These three conditions are the primary disorders currently treated with allogeneic hematopoietic stem cell transplantation (HSCT), although transplantation has been explored for a number of others as well.
In 1971 Porter et al demonstrated that the accumulation of sulfatide in cells derived from a patient with metachromatic leukodystrophy was corrected when arylsulfatase A (ARSA) was provided in the culture medium. 4 These experiments were similar to those performed by Neufeld's group several years earlier using Hurler and Hunter fibroblasts, 5 which were fundamentally important in demonstrating that lysosomal enzymes provided within the environment can be used by the cells from affected individuals, allowing the degradation of accumulated substrate. These studies provided the basis for the clinical use of transplantation for lysosomal diseases. In addition, Scaravilli and Jacobs documented that the abnormal myelination of the peripheral nerves of twitcher mice, a model of globoid cell leukodystrophy, can be improved following transplantation into trembler animals, another model of peripheral nerve disease. 6 Enzyme provided environmentally appeared to correct nerve tissue deficient in a lysosomal enzyme. Following the early success of allogeneic transplantation in Hurler syndrome, 7 transplant was explored as therapy for the leukodystrophies. The clinical and biologic characteristics of the various diseases will be discussed individually, including issues related to therapy using HSCT. als with metachromatic leukodystrophy. 8 Metachromatic leukodystrophy is an autosomal recessive lysosomal disorder caused by a defect in ARSA activity. Defects in the ARSA gene result in accumulation of the substrate cerebroside 3-sulfate, which is found primarily in myelin membranes. 9 The inability to degrade substrate leads to demyelination of the white matter of the CNS, as well as the peripheral nerves. 10 ARSA deficiency leading to metachromatic leukodystrophy has an incidence of approximately 1:40,000 births, while a higher frequency may be observed in specific populations. 10 -12 The gene has been mapped to chromosome 22q13.31, and a large number of mutations within the gene have been described. 10, 13 The diagnosis of metachromatic leukodystrophy is complicated due to the relatively high frequency of pseudodeficiency, a condition in which measured ARSA levels appear low due to a structural alteration within the ARSA gene, which may occur in up to 15% of the population. 14, 15 While these modifications lead to abnormal ARSA testing in vitro, enzyme activity in regards to naturally occurring substrates is preserved. 16 Pseudodeficiency can be distinguished from metachromatic leukodystrophy by measuring the excretion of sulfatides in urine, as an abnormal level of sulfatide is observed in metachromatic leukodystrophy and not in pseudodeficiency. Additionally, as saposin B is required to solubilize lipid to make it accessible to ARSA, a deficiency in saposin B can result in a phenotype similar to metachromatic leukodystrophy, while ARSA activity in leukocytes or fibroblasts is normal. 17 The clinical manifestations of metachromatic leukodystrophy are varied, and they are categorized based on age of onset. The most common phenotype is the late-infantile form of the disease, which affects children in the first years of life. 18 Affected children develop increasing difficulty with walking, and as the disease progresses, with standing and sitting. Later, increasing motor deficits are observed, including indistinct speech, swallowing difficulties, and an inability to handle secretions. Eventually, death occurs, usually in 2-4 years from onset, although with more aggressive treatment patients can live significantly longer. Symptoms are associated with both central and peripheral demyelination, and motor-related difficulties may become apparent earlier than loss of cognition and language skills. Peripheral nerve dysfunction can be demonstrated with nerve conduction studies. The juvenile form of the disease has an onset from 4 years of age through adolescence. The features of the disease are similar to the infantile form, although the rate of progression is slower. In some cases a distinction is made between the early and later forms of juvenile metachromatic leukodystrophy, depending on whether the onset of disease occurs before or after 6 years of age. 18, 19 The adult form of metachromatic leukodystrophy represents approximately 20% of cases, and the clinical aspects of the disorder may become apparent as late as the seventh decade. 15 However, rather than presenting with motor-related difficulties, affected patients may have emotional lability, progressive dementia, psychosis, and difficulties with substance abuse. There is a phenotype-genotype correlation in metachromatic leukodystrophy, with more severe mutations resulting in more rapid accumulation of sulfatides and disease progression; in contrast, if one of the alleles allows limited amounts of enzyme to be produced, later-onset phenotypes can be observed. 13 The results of the first transplant for metachromatic leukodystrophy was reported by Krivit et al. 20 Many of the subsequent publications regarding transplantation for metachromatic leukodystrophy provide information for only a limited number of patients, and these may vary in phenotype (late-infantile, juvenile, or adult form), as well as the state of the disease at the time of transplantation. 19 In addition, there is no universal standard for assessing patients prior to transplantation, nor for following their neurologic status after stem cell replacement. Such data are necessary to define the benefits and limitations of this therapy. As one would expect, patients early in their disease course, including those that are asymptomatic at transplantation, are more likely to have better outcomes, and similarly those with less severe phenotypes may respond better to therapy. It seems clear that HSCT has the ability to alter the course of later-onset disease. However, the available data do not support transplantation for symptomatic lateinfantile disease: it seems likely that insufficient enzyme is delivered quickly enough to alter the rapid progression of disease, as the extent of CNS disease is dependent on engraftment of cells such as the microglial population in the brain. 19, 21, 22 While the use of cord blood grafts can decrease the time from diagnosis to transplant, it is not clear that donor cell delivery to the CNS or PNS is different, either in the proportion of cells delivered or the kinet- ics of engraftment than with the use of a bone marrow graft. In addition, while it is possible that cord bloodderived cells better differentiate within the CNS than marrow, this is currently speculative. Whether transplant provides a benefit in asymptomatic patients predicted to have a late-infantile phenotype is unclear; available data suggest that these patients continue to have progressive motor disabilities, while cognitive parameters may be relatively spared. 19, 23, 24 Similarly, reports of the outcome of transplantation in patients with later-onset disease describe varied results. Older patients transplanted with symptomatic disease can achieve stabilization of the CNS, 25, 26 although many continue to have peripheral nerve disease leading to progressive motorrelated morbidity. Reports on the use of cord blood as a graft source have described disease stabilization, although outcomes may vary, even within a family. 27 
GLOBOID CELL LEUKODYSTROPHY
The disorder known as globoid cell leukodystrophy was initially described in 1916 by Krabbe, and hence is also called Krabbe disease. 28 The term "globoid cell" refers to multinuclear macrophages present within the brain characteristically seen in this disorder. In 1970 the enzyme defect responsible for globoid cell leukodystrophy was identified as galactocerebroside ␤-galactosidase (GALC), a lysosomal enzyme; 29 this enzyme is also commonly referred to as galactocerebrosidase. The gene was localized to chromosome 14 in 1990, 30 and was cloned by Wenger's laboratory in 1993. 31 The primary substrate that accumulates in globoid cell leukodystrophy is galactocerebroside, which is degraded by GALC to ceramide and galactose. 32 Psychosine is another metabolite accumulating in globoid cell leukodystrophy that has been thought to be important in contributing to cytotoxicity of cells in the CNS, including oligodendrocytes. [33] [34] [35] Globoid cell leukodystrophy has a varied phenotype, and in this respect in similar to metachromatic leukodystrophy. The most common presentation is in early infancy, with an incidence of 1:70,000 -100,000; patients characteristically become increasingly irritable, with developmental arrest and subsequent regression, and increased sensitivity to stimuli. 36 Protein determinations in the cerebral spinal fluid are high. Hypertonicity is apparent, with feeding difficulties and visual changes; increased deep tendon reflexes and seizures may be observed. Death generally results within a few years after the onset of symptoms. Other patients have less severe disease and have been divided into late-infantile (onset from 6 months-3 years) and juvenile forms (ages 3-8 years), while some patients are not diagnosed until their second or third decades, and occasionally later. 36 As might be expected, later-onset patients have a less rapidly progressive disease course.
Krivit reported the results of allogeneic transplantation for five patients with globoid cell leukodystrophy in 1998. 37 Four of the patients had later-onset disease, while one had typical infantile globoid cell leukodystrophy. For the older patients, transplant appeared to stabilize, or even improve, their condition. The patient with infantile disease was transplanted at 2 months of age, and had a much different course than did a prior sibling who died of globoid cell leukodystrophy. There is now sufficient experience with transplantation of symptomatic patients with infantile disease to state that transplantation is not effective. In addressing this question, Escolar reported a means of clinically assessing patients with globoid cell leukodystrophy in the pretransplant period, and correlated these assessments to outcomes. 38 There has recently been great interest in the outcomes of patients predicted to have infantile globoid cell leukodystrophy if transplantation is performed in the neonatal period. Very young, as yet asymptomatic, patients predicted to have a severe phenotype clearly have had a less severe clinical course than what would have been anticipated without transplantation. 39 Newborn screening has been proposed as a means of identifying patients prior to the onset of symptoms. 40, 41 However, the long-term outcome of patients with severe genotypes who are transplanted in the first weeks remains uncertain. 42 Their significant motor limitations are likely at least in part to be due to peripheral nerve demyelination, as is observed in the twitcher mice, a model for globoid cell leukodystrophy. [43] [44] [45] There has not been universal agreement in favor of neonatal testing for globoid cell leukodystrophy, although screening is currently done in New York and is likely to be in place soon in several other states. Due to the severe time limitations in attempting to transplant asymptomatic neonates, a large proportion of these infants will require cord blood grafts.
The efficacy of transplantation in patients with later-onset globoid cell leukodystrophy remains less well delineated than would be expected. Patients with later-onset disease are likely to benefit from transplantation if undertaken early in the course of their disease. 46 However, data derived from a large series of patients that focused on function and neurocognitive outcomes are not available. It would be important to review the genotypic findings of an individual diagnosed by GALC activity to determine whether it is reasonable to pursue transplantation in an asymptomatic patient, as it is not necessarily clear what the anticipated course will be. However, if a patient with later-onset disease is in the early stages of the disease, transplantation seems a reasonable option. For a number of these diseases, multi-institutional trials with standard methods of analysis would prove very beneficial, 47 despite the difficulties inherent in developing and funding these large trials that could require decades to complete.
ADRENOLEUKODYSTROPHY Clinical Manifestations of Adrenoleukodystrophy
Adrenoleukodystrophy was initially described in 1923 by Siemerling and Creutzfeld as a condition characterized by hyperpigmentation and central nervous system demyelination. In 1976 Igarashi and colleagues observed that saturated very-long-chain fatty acids, such as hexacosanoic acid (C:26:0), accumulate in the brain and adrenal tissue of patients with adrenoleukodystrophy. 48 Later, it was shown that excess verylong-chain fatty acids are also present in plasma, 49 especially C24 and C26 fatty acids. 50 The inability to degrade very-long-chain fatty acids in patients with adrenoleukodystrophy is due to mutations in a gene that encodes for a peroxisomal membrane protein, now designated ABCD1 or adrenoleukodystrophy. The condition is Xlinked in inheritance, and in males the finding of elevated very-long-chain fatty acids in the serum is sufficient to make the diagnosis. The disorder is seen in approximately 1 in 17,000 males, and seems to be similar in distribution across ethnic and racial groups. 51, 52 Within a kindred, there is substantial clinical variability despite a single genotype. In the pediatric population (up to age 20) , approximately 50% of boys develop adrenal insufficiency, while in 35% to 40% an acute, inflammatory, demyelinating condition develops, termed cerebral adrenoleukodystrophy. 51 In others, generally in the third or fourth decade of life, an axonal process develops in the spinal cord long tracts, termed adrenomyeloneuropathy. 52 This "adult form" of the disease is generally associated with a slow deterioration of motor function.
The reasons for phenotypic variability within a family are unclear. Accumulation of very-long-chain fatty acids seems to be followed by another insult of unknown etiology that initiates the inflammatory response characterized by increased synthesis of nitric oxide, cytokines, chemokines, and infiltration of inflammatory cells such as macrophages and T cells. [53] [54] [55] [56] The "two-hit" hypothesis for cerebral adrenoleukodystrophy proposed by Eichler suggests that after the very-long-chain fatty acids accumulation has made the cell membrane vulnerable (first hit), additional injury occurs as a result of environmental changes (trauma, seizure, infection, etc) to stimulate the inflammatory changes. Alternatively, polymorphisms of immune response genes could underlie the varied spectrum of clinical presentation in hemizygotes with ABCD1 mutations: from asymptomatic to the severe childhood cerebral form of adrenoleukodystrophy.
Rationale for Allogeneic Stem Cell Transplantation for Cerebral Adrenoleukodystrophy
The median age of development of the cerebral form of adrenoleukodystrophy is 7 years old. No factors have yet been identified that influence its emergence in a particular individual. The use of glyceryl trioleate-trieurucate oil (Lorenzo's oil) is being studied as a means of decreasing the levels of very-long-chain fatty acids, potentially reducing the proportion of patients developing the cerebral form of the disease. However, it is clear that when cerebral adrenoleukodystrophy develops, Lorenzo's oil is not of benefit in modifying the course of the disease. 57 A characteristic finding associated with cerebral adrenoleukodystrophy is inflammation of the white matter of the brain, with changes suggestive of active oxidative damage thought to be related to the inflammation. 58 In the vast majority of cases, cerebral disease is progressive once it has begun, leading to a vegetative state or death within several years of its onset. The only available therapy for cerebral adrenoleukodystrophy is allogeneic HSCT. Aubourg et al first reported the beneficial effect of HSCT in a boy with early-stage cerebral adrenoleukodystrophy in 1990, 59 following the earlier report of a patient with advanced disease who was transplanted and had a poor outcome. 60 The mechanism by which transplantation arrests the disease process is unknown. Transplantation may eliminate the inflammatory response, and this is responsible at least in part for the alteration in the course of the disease; after successful transplantation, progression of the disease can be arrested. Shapiro et al noted that disease stabilization persists for at least 5 to 10 years after transplantation. 61 At present, transplantation is the standard of care for boys with early-stage cerebral adrenoleukodystrophy. However, it is not clear that transplantation of an asymptomatic individual eliminates the possibility of the development of cerebral adrenoleukodystrophy, nor has it been demonstrated that HSCT prevents adrenomyeloneuropathy, as there are not sufficient numbers of patients in their second or third decade to address this issue. Based on this information, there is currently no rationale to transplant patients who do not have active cerebral adrenoleukodystrophy, as defined by white matter changes characteristic of cerebral adrenoleukodystrophy, with demonstrated gadolinium enhancement, which is thought to provide evidence of active inflammation.
Physiologic Considerations of Transplantation for Cerebral Adrenoleukodystrophy
While the accumulation of very-long-chain fatty acids remains the biochemical hallmark of adrenoleukodystrophy and a useful diagnostic tool, it is not clear how very-long-chain fatty acid accumulation leads to the demyelinization and inflammation of the CNS of boys with adrenoleukodystrophy. Accumulation of very-long-chain fatty acids leads to their incorporation into the phospholipid bilayer of the cellular membrane, which in some cases triggers an immune response leading to the classic destructive lesions observed in adrenoleukodystrophy patients. While transplantation of metabolic lysosomal diseases such as metachromatic leukodystrophy and globoid cell leukodystrophy results in enzymatic delivery to deficient cells, the dysfunctional protein in adrenoleukodystrophy is not an enzyme; rather the product of the ABCD1 gene is a structural protein-a peroxisomal transporter. As the ABCD1 gene product is not expected to be freely secreted by cells, it is unlikely that there would be cross correction with adrenoleukodystrophy as occurs in the lysosomal disorders such as metachromatic leukodystrophy or globoid cell leukodystrophy. Animal models of adrenoleukodystrophy exist but do not develop cerebral pathology similar to human disease. 62, 63 Thus, while one of the mechanisms by which transplantation arrests progression of adrenoleukodystrophy is assumed to be the elimination of cellular infiltration and inflammation, 64 the role of allogeneic, hematopoietic cells in controlling disease progression is not well understood. There may be cellular-based correction. 65 Microglial cell apoptosis also may be of importance in cerebral adrenoleukodystrophy, 66 and HSCT donor-derived microglial cells might provide a protective effect to the oligodendrocyte or other cell types. However, a better understanding of the etiology of the disease and the mechanisms by which therapy proves beneficial are clearly needed to design more effective strategies for improved outcomes in patients with adrenoleukodystrophy.
Of interest, Aubourg's group in Paris has had an open gene therapy protocol to treat boys with early cerebral disease using autologous bone marrow-derived CD34 ϩ cells that have been transduced with wildtype ABCD1 gene in a lentiviral backbone. This is based on prior studies suggesting viral-mediated gene transfer can result in a decrease in very-long-chain fatty acids in adrenoleukodystrophy fibroblasts. 67 In the clinical studies, according to data presented at national meetings, approximately 20% of cells expressed the transgene in a stable fashion and, after early progression, disease stabilization was achieved (P. Aubourg, personal communication). Assuming that some of the progeny of these cells are microglia capable of homing to the brain, such stem cell gene therapy may provide a treatment option in future. In addition, these experiments provide data that complete correction of the hematopoietic cell population is not necessary.
Outcomes of Transplantation for Cerebral Adrenoleukodystrophy
It has been well established that the outcomes of HSCT have been dramatically different in patients with early disease compared to results in those with more advanced disease. 23 ,50,52,61,68 -70 When evaluated by a neuroimaging severity method (Loes score), 71 patients with a score Ͻ9 and a performance intelligence quotient Ͼ80 had a 5-year survival rate of 92%. 68 This sharply contrasted to the patients with higher Loes scores who had a 5-year survival rate of about 45%. Patients who were transplanted very late in the course of their disease, with Loes scores Ͼ13, have not survived with standard transplant techniques. 70 Our group has shown that peritransplant anti-oxidant therapy with N-acetyl-L-cysteine (NAC) has promise in the treatment of patients with advanced adrenoleukodystrophy. 70 This is in contrast to the overwhelming evidence from previous decades when HSCT alone led to no change in the rapidly deteriorating natural history of late cerebral adrenoleukodystrophy. More experience is clearly needed to improve outcomes of patients with more advanced disease. Whether cord blood graft sources will prove advantageous in comparison to marrow grafts is as yet unclear. There has been speculation, yet unproven, that cord blood cells may have a greater ability to provide an undifferentiated cell population. There are no clinical data that outcomes are better with cord blood grafts than other sources. However, for patients with rapidly progressive disease, there are advantages in expedient access to cord blood grafts, which could influence outcomes.
CURRENT CONTROVERSIES IN HEMATOPOIETIC CELL THERAPY OF LEUKODYSTROPHIES
Despite the experience of several decades in the use of transplantation for inherited metabolic disorders affecting the CNS, there is much that remains unclear, including the following:
1. The majority of physicians transplanting these patients would agree that, with current techniques, outcomes are poor for transplantation for symptomatic infantile globoid cell leukodystrophy and metachromatic leukodystrophy. However, whether patients transplanted very early in life (several weeks of age) will have acceptable outcomes is not yet clear. Resolving this has important implications, as there has been a movement towards newborn screening for these disorders, 40 -42 and the use of screening generally assumes an adequate therapy is available. For newborn screening for adrenoleukodystrophy, in contrast, it has been demonstrated that patients with early cerebral adrenoleukodystrophy have very good outcomes with transplantation, but the current accepted practice is that only those with active cerebral disease should be transplanted. 2. The outcomes of transplanted patients with later onset globoid cell leukodystrophy and metachromatic leukodystrophy are much less clear than would be expected, in part due to the rare nature of these diseases. This is due to the variability of disease status at transplant, the rate of progression, and difficulty in defining the neurologic endpoints. Establishing collaborative studies that have well defined outcomes will be a key factor in better determining the role of transplantation, and in order to counsel families making treatment decisions. 3. There is no consensus as to how grafts should be chosen for transplants. Clearly, for rapidly progressive disease, cord blood transplantation provides great advantages in contrast to unrelated donor grafts. However, if timing is less important, there is no compelling information to assist in choosing between an unrelated graft and a cord blood unit. While, with an unrelated donor, there is generally a reassuring clinical history, it is possible, although highly unlikely, that a cord could be chosen that is also deficient in the therapeutic gene of interest. We have adopted the strategy of testing a cord blood unit under consideration for transplantation for activity of the enzyme in question. However, we have not chosen cords based on enzyme levels, as these tests are very difficult to interpret given the variability in quality of the samples available for analysis. With these testing limitations, choosing a cord unit based on enzyme expression could lead to the use of a graft that is less well matched, or contains a lower cell dose, which could be counterproductive in relation to engraftment, graft-versus-host disease, and other factors. Another important issue related to the choice of graft source concerns sibling donors that are carriers. Would using a heterozygous donor, with a probable lower enzyme level, result in a worse outcome? While this may be presumed, data to support this assumption are lacking. 4. Will there be advantages in using reduced intensity regimens? For patients with ongoing neurologic injury, a preparative regimen that contributes to CNS toxicity is counterproductive. However, achieving rapid engraftment of microglia in the CNS may be critical in achieving disease stabilization, as it is thought that this population plays a therapeutic role in transplantation for these disorders. 72, 73 The use of various techniques may assist in achieving microglial engraftment, 74, 75 although there is little information to allow us to design preparative regimens that are non-toxic but effective in achieving expedient, full replacement of microglia with donor-derived cells. 5. Is there a role for transplantation as therapy for other metabolic diseases affecting the CNS? These disorders include Tay-Sachs and the related Sandhoff disease, which generally are rapidly progressive disorders, and symptomatic patients have done poorly with transplant. Niemann-Pick A, GM 1 gangliosidosis, and neuropathogenic Hunter and Gaucher syndromes could also be considered in this category. Again, whether transplantation very early in life can lead to acceptable outcomes is unclear. In addition, as novel therapies become available, such as enzyme replacement, substrate inhibition, antiinflammatory agents, chaperone therapy, and others, improved results may be obtained in comparison to any single modality of therapy, including transplantation.
In summary, a large amount of data confirm that allogeneic transplantation can alter neurologic progression of inherited leukodystrophies, including metachromatic leukodystrophy, globoid cell leukodystrophy, and adrenoleukodystrophy. For example, allogeneic transplantation is considered the standard of care for boys with early cerebral adrenoleukodystrophy. However, while there is agreement that symptomatic infants with metachromatic leukodystrophy and globoid cell leukodystrophy do poorly, specific recommendations for the use of transplantation for metachromatic leukodystrophy and globoid cell leukodystrophy are more difficult. Additional information regarding outcomes in patients with later-onset metachromatic leukodystrophy/globoid cell leukodystrophy undergoing HSCT is lacking. The field would greatly benefit from multi-institutional studies or registry data, assuming there is a relatively uniform means of assessing the neurologic status of these patients. Much remains to be understood in regards to factors affecting disease progression, including CNS versus PNS disease, the utility of combination therapy, and protective agents such as NAC. Providing answers through basic and clinical research will prove important for the treatment of these rare but devastating disorders.
